Purpose Time-lapse monitoring allows for a flexible embryo evaluation and potentially provides new dynamic markers of embryo competence. Before introducing timelapse monitoring in a clinical setting, the safety of the instrument must be properly documented. Accordingly, the aim of this study was to evaluate the safety of a commercially available time-lapse incubator. Methods In a two center, randomized, controlled, clinical trial 676 oocytes from 59 patients in their 2nd or third treatment cycle, age <38 years and ≥8 oocytes retrieved were cultured in the time-lapse incubator or in a conventional incubator. The primary outcome was proportion of 4-cell embryos on day 2. Secondary outcomes were proportion of 7-8 cell embryos on day 3 and proportion of blastocysts on day 5. Implantation pregnancy rates were registered based on presence of fetal heart activity visualized by ultrasound 8 weeks after embryo transfer. Results No significant difference was found between the time-lapse incubator (TLI) and conventional incubator (COI) in proportion of 4-cell embryos on day 2 irrespective of whether data was analyzed according to ITT (RR TLI/COI : 0.81 (0.65; 1.02)) or PP (RR TLI/COI : 0.80 (0.63; 1.01)). Nor were any significant differences detected in the secondary endpoints; i.e. proportion of 7-8-cell embryos on day three ITT (RR TLI/COI : 0.96 (0.73; 1.26)); PP (RR TLI/COI : 0.95 (0.72; 1.26)) and proportion of blastocysts on day five ITT (RR TLI/COI : 1.09 (0.84; 1.41)); PP (RR TLI/COI : 1.09 (0.83: 1.41)). We found no differences in clinical pregnancy rate or implantation rate. Conclusion Culture in the time-lapse incubator supports embryonic development equally to a conventional incubator.
Introduction
Selection of the most competent embryo remains a cornerstone in improvement of the safety and efficacy in IVF and ICSI treatment. The increased demand to lower the risk of neonatal complications and maternal pregnancy-related health problems associated with multiple pregnancies is met by promoting single embryo transfer (SET). The concurrent wish for high pregnancy rates intensifies the need to introduce techniques that can improve embryo selection. Currently, assessment of embryo morphology remains the choice of method. The correlation between developmental potential and morphological parameters, such as the degree of fragmentation, presence and number of nuclei and size, number and symmetry of blastomeres per embryo at distinct inspection points is well-established [12, 31, 33, 36, 39, 43] . Present morphological evaluation, however, requires inspection outside the controlled environment of the incubator, which exposes the embryos to undesirable changes in critical parameters: temperature, humidity and pH when evaluated [42] . Using traditional incubators, inspection is therefore limited to snapshots at a few discrete points in time, reducing the amount of information that could potentially be obtained. Time-lapse monitoring overcomes this limitation without exposing the embryos to environmental changes. Moreover, several recent studies suggest that timelapse monitoring may introduce new dynamic markers of embryonic competence ( [2, 18, 23, 32, 41] ).
Relevant concerns have been given to safety of timelapse monitoring, since the recording necessitates periodical exposure to light during image acquisition. It has been shown that extensive light exposure may be detrimental to embryo development, and especially that short wavelength light exposure should be minimized [4, 27, 28, 40] . Furthermore, heat due to motion and friction of moving parts; presence of magnetic fields, sheer stress of moving culture dishes and presence of lubricants may each represent theoretical risks to embryo development. If new reproductive technologies are introduced in clinical practice without a sound evaluation of their safety and efficacy, the result can be implementation of methods that can later on prove to be inefficient or even harmful [6, 14] . Before introducing timelapse monitoring in a clinical setting, the safety of the instrument must therefore be properly documented. Comparisons have been made between embryos, both mouse and human, cultured in conventional incubators and time-lapse instruments, without reports of any adverse effects on development or implantation rate [5, 15, 18, 24, 26, 32, 41] . However, none of the previous studies were conducted as randomized clinical trials and the included human embryos derived from oocyte donor cycles [5] may not be representative of embryos from infertile couples.
Accordingly, the aim of the present study was to evaluate the development of sibling embryos from oocytes randomized to culture either in a conventional incubator or in a time-lapse incubator.
Materials and methods
A two center randomized study was conducted at the Fertility Clinic, Aarhus University Hospital (AUH) and the Fertility Clinic, Copenhagen University Hospital Rigshospitalet, Denmark (CUH) between June 2010 and April 2011.
Written informed consent was obtained from each couple before inclusion. Patients consented to randomisation of their oocytes to time-lapse monitoring and culturing of the embryos in the time-lapse incubator (EmbryoScope™, Unisense Fertilitech, Aarhus, Denmark) or culturing in a conventional incubator (Galaxy R, RS Biotech, CM Scinetific, West Lothian, UK). The Central Denmark Region Committees on Biomedical Research Ethics and the Danish Data Protection Agency approved the study. The study was registered at the ClinicalTrial.gov, study number 25940.
Prior to commencement of the randomized trial, the timelapse incubator was tested on discarded human embryos with 1-or 3-pronuclei (PN) observed 18-20 h after insemination. All patients were eligible for this assessment. Based on the assumption that 30 % of all 1-or 3-PN embryos would develop into 4-cell embryos (based on clinical data, AUH and CUH 2008) 30 fertilized oocytes would be needed in each group to detect a 50 % decrease in 4-cell embryo proportion with 80 % power and a significance level of 0.05 (two-tailed tests). A 4-cell embryo proportion >15 % in the time-lapse incubator was a requirement for initiating the randomized study. Thirty-one (31) 1-and 3-PN embryos were eventually cultured in the time-lapse incubator. Of these, 11 (35 %) developed into 4-cell embryos on day two, allowing initiation of the randomized study.
Patients were eligible for randomization of their oocytes if they fulfilled the following criteria: (i) 2nd or third treatment cycle with a normal fertilization rate (≥ 50 %) and embryo development in the first cycle (ii), age <38 years, (iii) ≥8 oocytes retrieved. Patients with endometriosis were excluded.
Randomization
Following retrieval, oocytes were randomized to culture in a conventional incubator or in the time-lapse incubator. Block randomization was done 1:1 using random numbers from sealed envelopes. All oocytes retrieved for standard IVF were randomized immediately following insemination. In case of ICSI, only mature oocytes (MII) were randomized after the ICSI procedure. At the Fertility Clinic, CUH, all retrieved oocytes were randomized and immature oocytes (GV or MI) were later excluded from the analysis.
Ovarian stimulation and oocyte retrieval
Patients underwent ovarian stimulation in either a long down regulation protocol or a short antagonist protocol using urinary or recombinant FSH stimulation according to the guidelines of each clinic. FSH doses were adjusted individually to the patient's ovarian response. A dose of 10.000 IU of hCG was administered when at least 3 follicles measured ≥17 mm and ultrasound guided oocyte retrieval was conducted 36 h later.
In vitro fertilization and embryo culture Insemination was performed using standard IVF or ICSI procedures according to treatment indications. Micro inseminated oocytes were immediately after injection placed in individual wells within a special culture slide (EmbryoSlide™, Unisense Fertilitech, Aarhus, Denmark) in the time-lapse incubator or a standard culture dish (Nunc® multidish 4 wells, Roskilde, Denmark) in the conventional incubator according to randomization. IVF oocytes randomized to time-lapse incubation were cultured 20 h in the conventional incubator followed by transfer to EmbryoSlides™ for further culturing in the time-lapse incubator. All embryos were cultured in sequential culture medium (Sydney IVF Fertilization/Cleavage/Blastocyst Medium, COOK®, Sydney, Australia) under oil at 37°C, 20 % O 2 , and 6 % CO 2 . One or two blastocysts were selected for transfer based on blastocyst score on the morning of day five.
Morphological assessment of embryos
In both groups, embryos were removed from the incubators and evaluated morphologically 44-46 h after insemination (day 2), 66-68 h after insemination (day 3) and 115-117 h after insemination (day 5). On day 2 and 3 embryos were evaluated on the basis of number and symmetry of blastomeres, degree of fragmentation and presence of multinucleated cells. On day 5 blastocyst assessment was based on expansion of the blastocele cavity (1-6) and number and cohesiveness of the inner cell mass and trophectoderm (A-C) [7] . The technician evaluating and selecting the embryos for transfer on day 5 was blinded to incubation method. The primary endpoint was proportion of 4-cell embryos on day 2. Secondary end-points were proportion of 7-8 cell embryos on day 3 and proportion of blastocysts (score 1-6) on day 5.
Embryo transfer
One or two embryos were transferred on day five according to embryo quality, patient characteristics and patient wishes. Clinical pregnancy rate was registered as number of ongoing pregnancies per patient, based on presence of fetal heart activity visualized by ultrasound 8 weeks after embryo transfer. Implantation rate was recorded as total number of ongoing pregnancies per total number of embryos transferred.
All data was recorded on a case report form and approved by a study monitor. Two individuals manually entered all data twice into an electronic database (EpiData; www.epidata.dk). A computer-based comparison of the two datasets was performed and errors identified were corrected according to the original data.
Sample size calculation and statistical analysis
Assuming that 50 % of all inseminated oocytes would develop into 4-cell embryos (based on clinical data, CUH and AUH 2008), 200 fertilized oocytes would be needed in each group to detect a decrease in 4-cell embryo proportion of 30 % with 80 % power and a significance level of 0.05 (two-tailed tests).
Continuous data following a normal distribution was analyzed with Students t-test. Continuous data not fulfilling the assumption of normality was analyzed with Wilcoxon rank-sum test. For categorical data Chi-squared or Fisher's exact test was used. Two-tailed p-values<0.05 were considered significant. All statistical analyses were performed in STATA, version 11.0 (StataCorp, USA).
Results 725 oocytes were retrieved from 59 patients (Fig. 1) . Three hundred and forty-three (n0343) oocytes from 32 patients were recruited from CUH, and 382 oocytes from 27 patients were recruited from AUH. Patients and cycle characteristics from the two clinics were comparable, apart from number of oocytes retrieved per patient, AUH retrieving a higher number (Table 1 ). According to the protocol, 49 immature (GV or MI) ICSI oocytes were excluded before randomization. The remaining 676 oocytes were randomized to the conventional incubator group or the time-lapse incubator resulting in 338 oocytes analyzed by intention-to-treat (ITT) in each group. Due to protocol violations, 76 oocytes were excluded after randomization. The excluded 76 oocytes consisted of 47 immature (GV or MI) ICSI oocytes that, according to the protocol, should have been excluded before randomization and 29 oocytes from three patients not fulfilling the inclusion criteria. No oocytes were excluded on patient request. Thus, in the time-lapse incubator group 297 oocytes were assessed per protocol (PP), while 303 oocytes were assessed PP in the standard incubator group (Fig. 1) . No oocytes were lost to follow-up. Before pooling data from the two clinics, the primary and secondary endpoints were analyzed for each clinic separately. No substantial or significant differences were found, allowing data to be pooled (data not shown). No significant difference was found between the time-lapse incubator (TLI) and conventional incubator (COI) in proportion of 4-cell embryos on day 2 irrespective of whether data was analyzed according to ITT (RR TLI/COI : 0.81 (0.65; 1.02)) or PP (RR TLI/COI : 0.80 (0.63; 1.01)) ( Table 2 ). Nor were any significant differences detected in the secondary endpoints; i.e. proportion of 7-8-cell embryos on day three and proportion of blastocysts on day five (Table 2 ) or in clinical pregnancy rate and implantation rate (Table 3) . To ensure that the excluded immature ICSI embryos did not influence the results, a post-hoc analysis including IVF embryos only was conducted. The conclusion of no difference in embryo development between the two incubators was unchanged (Table 4) .
Discussion
The aim of this study was to evaluate the safety of a commercially available time-lapse incubator by comparing development of embryos cultured in a commercially available time-lapse incubator to embryos cultured in a conventional incubator. We found no differences in the proportion of 4-cell embryos on day two after insemination, the proportion of 7-8-cell embryos on day three or the proportion of blastocysts on day five between the two groups. Nor did we find any differences in clinical pregnancy rate or implantation rate. Though several studies have reported similar development in time-lapse incubators compared to conventional incubators, none of these have been conducted as randomized clinical trials (RCT) [18, 24, 26, 41] . Most reports have been supplementary observations in descriptive studies investigating different aspects of development. A recent study, which compared culture in a time-lapse incubator to a conventional incubator by assessing embryo quality, blastocyst and ongoing pregnancy rates in embryos stemming from fresh donated oocytes, showed no difference between the two types of incubators [5] . However, the study was not randomized and, as pointed out by the authors, donated oocytes from fertile women, who are relatively young, may not be representative of oocytes from an infertile population. Since donated oocytes are presumably of higher quality than oocytes from a standard ART program, a better developmental potential would be expected. Our study evaluated oocytes from infertile patients, who had all demonstrated normal fertilization and development of the oocytes in one or more previous cycles. Moreover, randomization of oocytes to the two incubators was based on sample size analyses, and laboratory technicians evaluating the embryos were blinded to the type of incubator. We therefore believe the embryos in the two groups to be comparable and our results to be valid and applicable in other settings. The higher rate of blastocyst development reported in the study by Cruz et al. [5] (54.8 % in the timelapse incubator and 50.6 % in the standard incubator) compared to our study (24.9 % in the time-lapse incubator and 23.2 % in the standard incubator) supports the assumption that the oocytes in the two studies were not of comparable quality. An additional contributing factor to the observed discrepancy in blastocyst rates was, that oocytes were allocated to the two types of incubators after confirmed fertilization in the study by Cruz et al. [5] , in contrast to our study, where randomization was done before confirmed fertilization. Cruz et al. [5] consequently calculated blastocyst rates on the basis of a smaller population with higher chance of blastocyst development, which obviously results in higher blastocyst rates. We therefore consider the difference in outcome between the two trials to be explained by oocyte quality and calculation method. Due to protocol violations, 76 oocytes were excluded after randomization. Of the excluded 76 oocytes, 47 were immature ICSI oocytes that, according to the protocol, should have been excluded before randomization, and 29 oocytes from three patients not fulfilling the inclusion criteria. These exclusions may potentially have disturbed the randomization, though we find this interpretation unlikely. Firstly, the exclusions were equally distributed between the two incubators, and secondly the findings were comparable both when assessment was made by intention-to-treat and per protocol. Furthermore, a post-hoc analysis excluding all ICSI embryos from the analysis did not change the results. Although the number of embryos thus analyzed was smaller, the analysis supports our interpretation that the initial inclusion of ICSI embryos did not influence the results.
In this study we evaluated the safety of the TLI by assessing embryonic development and the number of oocytes included was based on power calculations using 4-cell rate on day two as the primary endpoint. Although clinical pregnancy rate, implantation rate and live births with pediatric follow-up are the ultimate end-points of RCTs in ideal research [14] , we consider the end-point used in this study to be relevant for the clinics participating in this study, since here embryo transfers are predominantly performed on day 2. To conduct a sufficiently powered study using pregnancy rate or live birth rate with pediatric follow-up would require a significantly larger number of participants. Although we recognize that such studies must be undertaken in order to continuously evaluate the safety of TLI, performing a smaller study with sufficient statistical power to detect differences for a relevant parameter, is a necessary step in hypothesis-driven basic research.
The application of elective SET in clinical practice represents the ultimate challenge to selection of the embryo with the highest chance of achieving a pregnancy. Several methods, both invasive and non-invasive, are under investigation i.e. aneuploidy screening (PGS), O 2 respiration measurement, metabolic profiling and gene expression analysis [1, 3, 17, 22, 29, 35, 37] . Some of these methods, though promising, are not yet applicable in a routine clinical setting, and others, such as PGS and near infrared spectroscopy (NIR) analysis have been disappointing in their present form, when evaluated in large randomized clinical trials [10, 11, 22, 34, 38] .
Time-lapse monitoring has been used for decades to study embryonic development in animals [8, 9, [19] [20] [21] . The introduction of incubators designed for clinical use enables continuous monitoring of human embryos in assisted reproduction, which allows for evaluation of all the morphological parameters already implemented in clinical practice at the corresponding points of time. However, since images are automatically recorded, the embryo assessment can be completed whenever the laboratory technician finds it convenient, allowing for a more flexible evaluation. Furthermore, recent studies [2, 18, 23, 32, 41] have addressed the potential role of time-lapse monitoring in selection of competent embryos. Apart from a more detailed and flexible embryo evaluation, these studies suggest that time-lapse monitoring may provide new dynamic markers of embryo competence. There is a well-documented correlation between embryo morphology evaluated at certain time-points and embryo competence as reviewed in a recent consensus paper by ALPHA and ESHRE [16] . However, the progressive and dynamic nature of cell cleavage and embryo development is also well known [13, 18, 30] , and embryo scoring can change markedly within few hours [25] . In conventional morphological evaluation of embryo quality the number and duration of inspections outside the incubator must be restricted since changes in environment are known to induce stress [42] . Time-lapse monitoring overcomes this limitation, while providing the potential benefit of stable culture conditions during inspection. Our study evaluated the safety of a commercially available TLI by comparing embryonic development in a conventional incubator to the TLI. In order to achieve blinding of the embryologist, who assessed the embryos at the beforehand chosen time-points, embryos were removed from both incubators for evaluation. Thus, only the potential negative effects of time-lapse monitoring were evaluated, whereas embryos in the TLI were not allowed the potential positive effects of stable culture condition in the incubator during embryo assessment. We consider this design to strengthen the conclusion. The possibility to analyze the dynamic nature of embryo development gives rise to expectations of improved embryo selection. Time-lapse monitoring enables registration of dynamic events such as the precise timing and synchrony of cell-divisions, appearance and disappearance of nuclei and pro-nuclei; events that in descriptive studies have shown correlation with developmental competence of both animal and human embryos [18, 30, 41] . In this study, we demonstrate that time-lapse monitoring can be applied safely to human embryos, thereby enabling further investigation of a promising tool for improved embryo selection.
In conclusion, culture in the time-lapse incubator supports embryonic development equally to a conventional incubator. Time-lapse monitoring can therefore be introduced clinically, thereby providing a tool for a potentially more refined and flexible embryo evaluation, and possibly introducing new markers of embryonic competence.
